We report the regional variation in relative in vivo binding of the L-type voltage sensitive calcium chan nel (VSCC) antagonist [3H]nimodipine to brain following transient forebrain ischemia in the rat. At 30-min of reper fusion after 20 min of forebrain ischemia, [3H]nimodipine binding was significantly increased in striatum, CA3 and CA4, and dentate relative to binding in sham-operated rats, suggesting that VSCCs were responding to ischemic depolarization. Two h following ischemia, binding in all brain structures returned to normal levels indicating re polarization of cell membranes. At 24 h of recirculation, increased eH]nimodipine binding was again observed in striatum and dentate. Binding remained elevated in the striatum and dentate, and increased binding became evi-
Anoxia of brain tissue is accompanied by marked reduction in extracellular calcium concentration (Hansen, 1985; Siesj6 and Wieloch, 1985) . It has been suggested that intracellular influx of calcium may be the final common pathway leading to necro sis of cultured neurons exposed to anoxic condi tions (Choi, 1985; Siesj6 and Bengtsson, 1989) . This calcium movement is presumed to occur along spe cific membrane channels that control the entry of calcium ions across the cell membrane (Miller, 1987) . While in vitro binding studies of calcium channel ligands have been well described in normal brain, in vivo binding studies of calcium channel ligands are rare (Shoemaker et aI, 1983; Roland et aI., 1989) .
We have reasoned that the binding properties of Abbreviations used: ABG , arterial blood gas; AMPA, ot-amino-3-hydroxy-5-methyl-4-isoxazolepropionate; ANOV A, analysis of variance; HSD, honestly signi ficant di f ference; NBQX, 2, 3-dihydroxy-6-nitro-7-sul famoylbenzo (F) quinoxa line; PC, personal computer; VS CC, voltage-sensitive calcium channel . 397 dent in the CAl region of the hippocampus after 48 h of reperfusion. With the exception of the dentate gyrus, the second rise in [3H]nimodipine binding anticipated or co incided with the observed regional ischemic cell changes. These observations in global cerebral ischemia support previous work indicating that in vivo binding of [3H]ni modipine to the L-type VSCC may be an early and sen sitive indicator of impending ischemic injury. Such mea surements may be of use in identifying vulnerable brain regions and defining a therapeutic window of opportunity in models of cerebral ischemia. Key Words: Cerebral isch emia-Calcium channels-Nimodipine binding-Autora diography.
calcium channels may allow us to predict the even tual fate of ischemic tissue. This was confirmed in a previous study of the activation of L-type voltage sensitive calcium channels (VSCC) in rat brain fol lowing simultaneous permanent occlusions of mid dle cerebral and ipsilateral common carotid arteries Hogan et aI., 1991a) . In this model of permanent focal cerebral ischemia, we used the state-dependent binding properties of the 1,4-dihydropyridine VSCC calcium channel antag onist, eH]nimodipine, to identify depolarized tissue and VSCC activation. Increased in vivo eH]nimo dipine binding occurred initially in the most se verely ischemic structures and only later in those regions experiencing less severe reductions in cere bral blood flow. We have subsequently shown, in a model of reversible focal ischemia, that increased eH]nimodipine binding in ischemic brain is initially reversible if blood flow is restored promptly (Hogan and Hakim, 1992) . Regions with complete revers ibility of increased binding showed little or no evi dence of infarction after 24 h of reperfusion.
The purpose of the present study was to examine the relationship between the regional activation of the calcium channels and selective ischemic vulner ability in the transient forebrain ischemic model. We investigated the potential role of eH]nimo dipine binding for identifying tissue at risk of de layed ischemic injury. The neuropathological changes following transient forebrain ischemia highlight the phenomenon of delayed neuronal cell death (Pulsinelli and Brierley, 1979; Pulsinelli et ai., 1982) . Selectively vulnerable neurons are found pri marily within the neocortex, the dorsolateral stria tum, and CAl region of the hippocampus. There fore; in investigating the time course of VSCC activation in these regions, we used in vivo eH]ni modipine binding and quantitative autoradiography to determine regional binding changes at several du rations of reperfusion following 20 min of transient forebrain ischemia. Our data revealed that eH]ni modipine binding in this model is biphasic; it is tran siently increased in a number of brain structures 30 min after ischemia then declines to control levels in all regions by 2 h. At later times, binding of eH]ni modipine increases in two of three structures that are vulnerable to developing ischemic cell change and is not elevated in two structures that are resis tant to damage.
MATERIALS AND METHODS

Transient forebrain ischemia model
Male Wistar rats (Charles River, St. Constant, Quebec, Canada) weighing 250 g were allowed to breathe unas sisted throughout the experiments. Transient forebrain ischemia was achieved using published modifications (Pulsinelli and Duffy, 1983; Pulsinelli and Buchan, 1988) of the four-vessel occlusion (4VO) method (Pulsinelli and Brierley, 1979) . Briefly, under 1.5% halothane anesthesia on the day prior to ischemia, the carotid arteries were isolated through a midline neck incision and silk ligatures placed loosely around them. A surgical silk suture was passed anterior to the cervical and paravertebral muscles but posterior to the trachea, esophagus, external jugUlar veins, and common carotid arteries. The ends of the lig ature were taped to the nape of the neck. An incision was then made behind the occipital bone and the alar fora minae of the first cervical vertebra were exposed. Verte bral arteries were permanently occluded by electrocau tery in the alar foraminae. Incisions were closed and food withheld overnight as the rats recovered from anesthesia.
On the following day, after local infiltration of the neck with xylocaine, the common carotid arteries were lifted using the silk ligatures placed around them and occluded with micro aneurysm clips (no. 160-863, George Tiemann & Co., Plainview, NY, U.S.A.). The ligature encircling the neck muscles was then tightened in order to block any collateral circulation and anesthesia was stopped. At the end of 20 min, the carotid artery clips were released and restoration of carotid flow was checked by direct obser vation of the vessels. The external neck ligature was cut. A thermocouple probe was placed in the temporal is mus cle during ischemia to indirectly monitor brain tempera ture (Busto et ai., 1987) . Animals that did not develop fully dilated pupils and loss of righting reflex during isch emia and those that convulsed during the recirculation J Cereb Blood Flow Metab, Vol. 14, No.3, 1994 period were excluded from the study. Our ratio of studies completed to animals operated was -60%.
Experimental design
Animals were divided into six experimental groups. Groups 1-4 (at least seven rats per group) were decapi tated after 0.5, 2, 24, and 48 h of reperfusion following 20 min of forebrain ischemia. Group 5 (n = 6) were sham operated rats in which the alar foramina of the first cer vical vertebra and common carotid arteries were exposed but not occluded. Group 6 (n = 6) was used to observe histological changes in the brains of rats reperfused for 72 h after forebrain ischemia.
In all groups except 6, femoral arterial and venous lines were placed while animals were under halothane anesthe sia on the day of study termination. Rats were allowed to recover from anesthesia for at least 2 h before 200 f.LCi of [3H]nimodipine (1 mCi/ml ethanol, 130 Ci/mmole, New England Nuclear, Boston, MA, U.S.A.) was added to 400 f.Ll of carrier (BAY e9736, Miles Laboratories Inc, Etobi coke, Canada) and infused intravenously over a 3 min period starting 30 min prior to decapitation. Previous studies suggested that 30 min of circulation was sufficient for eH]nimodipine to reach a secular equilibrium of dis tribution between plasma and brain (Hogan et ai., 199Ia) . Blood was obtained at the time of decapitation for deter mination of plasma [3H]nimodipine concentration using liquid scintillation counting with appropriate quench cor rection based on internal standards. The brain and spinal cord at the level of C5-7 were quickly removed, frozen in 2-methyl-butane, chilled to -50°C with liquid nitrogen, mounted, stored at -80°C, and processed for autoradi ography.
In the histology group (group 6), 72 h after transient forebrain ischemia, rats were anesthetized with 1. 5% halothane and perfused through the descending aorta with 50 ml of a solution of 40% formaldehyde/glacial acetic acid/methanol (1: I :8) (vol/vol/vol) preceded by a lO-ml saline wash. The brain was immediately removed and stored overnight in the fixation fluid prior to paraffin em bedding.
Physiological monitoring
Temporalis muscle and rectal temperatures were mon itored and maintained with a warming lamp at 36-37°C throughout forebrain ischemia. Mean arterial blood pres sure was monitored continuously during eH]nimodipine infusion, and arterial blood gases and plasma glucose con centration were measured 30 min before decapitation. Mean arterial blood pressure could not be monitored in groups 3 and 4 during ischemia in order to preserve the femoral arteries for the day when [3H]nimodipine was injected and the binding experiment performed. Blood pressure was not monitored in the histology group.
Autoradiography
The brain and spinal cord were cut in 20 f.Lm thick co ronal sections. Every seventh brain and spinal cord sec tion was captured for measurement of eH]nimodipine concentration. Following every sixth slice obtained for this determination, the slice immediately adjacent was removed for histologic examination. Sections were ex posed to tritium-sensitive film (Hyperfilm, Amersham, Oakville, Canada) for 90 days to obtain autoradiographs of [3H]nimodipine distribution within brain and spinal cord. Autoradiographs were calibrated using brain ho mogenate standards prepared in our laboratory contain-ing known amounts of tritium and sectioned at 20 !-Lm thickness.
Autoradiographic images wee analyzed using a com puter-based image analysis system (MCID, Imaging Re search Inc., St. Catherines, Ontario). Regional measure ments of [3H]nimodipine content were performed using a standardized template of paired regions of interest (RO!) from each hemisphere chosen using a rat brain atlas (Pax inos and Watson, 1982) and modified to fit the individual anatomy of each rat. Within the hippocampus, this mod ification was aided by overlaying the cresyl violet-stained histology image over the [3H]nimodipine binding image to define ROIs over the cell bodies in CAla, CAlb, CA2, CA3, CA4, and dentate gyrus.
Previously determined metabolite correction factors (Hogan et aI. , 1991a) were used to correct activity mea surements in order to obtain actual tissue and plasma [3H]nimodipine content. Regional volume of distribution of [3H]nimodipine was calculated as the ratio of tissue nimodipine over plasma nimodipine concentration at the time of decapitation. Results were averaged in each ROI over both hemispheres and used to calculate the relative volume of distribution of [3H]nimodipine, defined as the ratio of eH]nimodipine volume of distribution in brain to that in nonischemic spinal cord.
Histology
Frozen brain sections in groups 1-5 were soaked for at least 1 h in fixation fluid made up of 0. 4 M sodium caco dylate (25 ml), 50% glutaraldehyde (4 ml), and distilled water (70 mI). Slides were transferred into cacodylate buffer and then stained with cresyl violet. In group 6, paraffin-embedded brain sections (7 !-Lm thick) were stained with cresyl violet and hematoxylin-eosin. Cell counts were preformed using a light microscopy (x 400--6 00 magnification) on sections adjacent to those used for regional eH]nimodipine content determination. In cortex and striatum, the number of normal-appearing neurons and the total number of neurons were counted in three different areas (one area for shams) within each ROI and the percent of normal neurons calculated. Within the hippocampus, the total number of healthy neurons was determined along predefined lengths of cell body layers in the CAla, CAlb, CA3, CA4, and dentate gyrus. Criteria for ischemic cell change were similar to those used by Brown and Brierly (1968) . Sham animal results were then used as controls and the ratio of normal cells at the var ious recirculation times relative to shams determined.
Statistical analysis
The logarithm (base 10) was applied to all binding and histology data to convert the skewed distribution of ratio data into a more normal distribution for subsequent anal ysis (Zar, 1984) . A K-means cluster analysis (Hartigan and Wong, 1979) was performed on the nimodipine bind ing data to define a reduced set of ROIs. An analysis of variance (ANOV A) using a two-way mixed model facto rial design was then applied to the binding and histology data in these revised ROls. To maintain the level of sta tistical significance for multiple post-hoc comparisons, Greenhouse-Geisser-adjusted degrees of freedom and corresponding pooled mean square errors were used. Spj\1ltvoll-Stoline's modification of Tukey's honestly sig nificant difference (HSD) test for unequal sample size (Kirk, 1982) was used for pairwise comparison of means.
Differences in physiologic variables between the groups were analyzed using an independent two-tailed Student's t test. All values were expressed as mean ± SD. All sta tistics were performed on IBM-compatible personal com puters (PCs) using SYSTAT (SYSTAT Inc., Evanston, IL, U. S. A. ) and BMDP (BMDP Statistical Software, Inc., Los Angeles, CA, U. S.A.).
RESULTS
All physiologic measurements are summarized in Table 1 . A slight respiratory alkalosis was evident in rats at 0.5 h of recirculation after forebrain isch emia, while those at 24 h of reperfusion showed slight hypocapnea. Otherwise, physiologic parame ters did not vary among groups. Values are mean ± SD, MA BP, mean arterial blood pressure; ABG, arterial blood gases; 4V O, four vessel occlusion . The during and post 4-VO data represent the average of measurements made during 20 min of ischemia and at the end of 30 min of recirculation, respectively. min after ischemia, binding in many brain structures was increased over that in the spinal cord, most notably in the striatum. Two h after ischemia, eHlnimodipine binding in all brain structures de clined to normal values, but at later times, relative increases in binding were again evident in striatum and hippocampus.
Since significant differences in regional eH]ni modi pine volumes of distribution were not ob served between hemispheres, binding data from both hemispheres were combined. K-means cluster analysis was performed and the plot of within groups sums of squares showed a rapid decline to four clusters and a more gradual decline at higher cluster numbers. The dentate gyrus clustered with cortex and was separated on an anatomical basis resulting in five clustered ROIs consisting of cortex (frontal, parietal, and striate), striatum (medial and lateral), CAl (CAla and CAlb hippocampus), CA3/4 (CA3 and CA4 hippocampus), and dentate. eH]Nimodipine volume of distribution in spinal cord of the sham-operated rats was 0. 520 ± 0.058 mllg and differed insignificantly from this value at the four postischemic intervals studied. Post hoc comparisons of normalized eH]nimodipine vol umes of distribution in the reperfused groups to shams identified significant elevations of binding in striatum, CA3/4, and dentate (p < 0.01) at 30 min of reperfusion (Table 2) . Binding was increased in CAl and cortex at this time but did not reach sig nificance atp = 0.05. Binding in all regions at 2 h of reperfusion did not differ from shams. At 24 h of reperfusion, binding was again elevated in striatum and dentate (p < 0. 01) and persisted at 48 h. At 48 h of reperfusion, CAl showed a significant eleva tion in binding for the first time (p < 0.01).
At 24 h of reperfusion, there was a 58% decline in normal-appearing neurons in striatum compared to 30 min of reperfusion (p < 0.01), and this increased to 64% by 72 h. A decline in neurons in the cortex was also observed at these times (39% at 72 h) but did not reach statistical significance at p < 0. 05. Within the hippocampus, there was no evidence of neuronal loss in CA3 and CA4 or in dentate. In CA I, no neuronal injury was evident until 48 h of reperfusion, at which time normal-appearing neu rons declined by 50% (p < 0.01). The relationship between the evolution of eH]ni modi pine binding and the appearance of histologic injury is shown for cortex and striatum (Fig. 2) , CA3/4 and dentate (Fig. 3) , and CAl (Fig. 4) . His tological injury was not evident with the initially elevated eH]nimodipine binding levels. A late in crease in eH]nimodipine binding coincided with the appearance of histological injury in striatum and CAl, the two most vulnerable regions in this model. There was a trend towards cell loss by 24 h of reper fusion in the cortex, but this did not reach statistical significance, and no significant increase in [3H]ni- 
Reperfusion Time (hours) All values are mean ± SD (*p < 0.05, **p < 0.01).
modipine binding was observed. In the dentate, his tologic changes remained at a low incidence throughout the study despite a biphasic pattern of nimodipine binding.
DISCUSSION
This investigation was intended to test the hy pothesis that measurement of the binding activity of the VSCC distinguishes tissue at risk from that which is committed to irreversible neuronal dam age. It was presumed that this hypothesis, if con firmed, may provide the means to identify a so called "therapeutic window" during which revers ibility of an ischemic brain region to normal function may still be possible. Therefore, eH]nimo dipine was used to bind to the L-type VSCC in vivo in a reversible model of cerebral ischemia in order to examine the correlation between regional VSCC activation and selective ischemic vulnerability.
To date, eH]nimodipine binding and quantitative autoradiography have been used in vivo in models of focal cerebral ischemia, in which VSCC activa tion has been correlated with the severity of focal ischemia and the resulting infarction (Hakim and J Cereb Blood Flow Metab, Vol. /4, No.3, 1994 Hogan, 1991) . We have also demonstrated revers ibility of eH]nimodipine binding following a brief period of focal cerebral ischemia (Hogan and Hakim, 1992) . We have concluded from these stud ies that the rate of appearance and intensity of VSCC activation, identified by the specific binding of eH]nimodipine in vivo, is dependent upon the severity and duration of cerebral ischemia. Further more, reversal of this binding with prompt restora tion of cerebral blood flow resulted in minimal or no ischemic infarct.
The present report addresses the phenomenon of delayed neuronal injury, a process that may be ini tiated by calcium channel activation during isch emia (Siesjo and Bengtsson, 1989) . To study this process and to further our understanding of revers ibility of calcium channel activation in cerebral ischemia, we chose a model of transient forebrain ischemia that is essentially similar to that of Pulsinelli et al. (Pulsinelli and Duffy, 1983; Pulsinelli and Buchan, 1988) and that results in de layed regional cell drop-out rather than infarction. The 20 min duration of global ischemia used in this work was chosen intentionally in order to permit a broader range of histologic damage than that re ported after 30 min of ischemia (Pulsinelli and , 1983) ; however, the pattern of ischemic damage in this study coincided with the original re sults. This distribution was not affected by our use of frozen brain sections to assess histologic dam age, a method we have previously validated (Hakim, 1986) and further verified here with the histology studies performed after 72 h of reperfu sion in perfused fixed tissue without prior freezing. Since small variations in brain temperature may have a significant effect on ischemic outcome, par ticular attention was paid to temperature control during these experiments. Measurements in tempo ralis muscle were used to indirectly assess brain temperature (Busto et ai., 1987) and, as Table 1 shows, temperature did not vary among groups. Apart from a slight respiratory alkalosis in the group reperfused for 0.5 h (which is unlikely to have influenced eH]nimodipine binding), there were no other significant physiological differences between groups.
Duffy
The volume of distribution of eH]nimodipine in sham-operated group is consistent with previously reported data showing that eH]nimodipine binding to the VSCC in the resting cell membrane is low (Roland et ai., 1989; Hakim and Hogan, 1991) . This is in contrast to regional differences seen in dihy dropyridine binding to normal brain in vitro (Quir ion, 1983; Gould et ai., 1985) , suggesting that in vitro binding studies with VSCC ligands may not indicate the actual resting state of the channels. The volume of distribution of eH]nimodipine in the spi nal cord, which did not suffer ischemia in this model, was similar in all groups and comparable to the cortical nimodipine volumes of distribution in the sham-operated group.
The biphasic pattern of calcium channel activa tion following transient forebrain ischemia reported here was not observed in our previous [3H]nimo dipine binding studies in permanent or reversible focal ischemia. The two binding peaks likely have different causes and significance. We speculate that the initial VSCC activation indicates diffuse depo larization of cell membranes that occurred during and immediately after the global ischemia. It is known that 1,4-dihydropyridine VSCC antagonists bind with high affinity to the depolarized cell mem brane (Bean, 1984; Kokubun et ai., 1986) and that depolarization occurs in the setting of cerebral isch emia (Nedergaard and Hansen, 1993) . Although blood flow was not measured in this study, it has been reported to fall to <3% of control values dur ing global ischemia (Pulsinelli et aI., 1982) , and de polarization of cell membranes should occur dif fusely at these flow levels. At cerebral blood flow levels <20 mlllOO g/min in the cat during global ischemia, extracellular glutamate increases (Shi mada et ai., 1989) . This is one factor that leads to calcium influx (Pumain and Heinemann, 1985) and implies activation of the calcium channels.
While eH]nimodipine binding was significantly elevated at 30 min of reperfusion in striatum, CA3/ 4, and dentate, all regions showed a trend towards increased binding. We did not measure eH]nimo dipine binding during ischemia, since the severe de pressions of blood flow in this model would likely have limited distribution of the ligand. Since equi librium of distribution of eH]nimodipine between plasma and brain requires 30 min of circulation (Hogan et ai., 1991a) , this was the initial interval following ischemia used to assess binding changes. Therefore, it is likely that activation of VSCCs was more intense in all regions at the end of global isch emia than at the first time point studied here.
The implication of this early diffuse VSCC acti vation to regional vulnerability after transient global ischemia is unclear. It does not coincide with the timing of the reported changes in regional cerebral glucose metabolism (Pulsinelli et aI, 1982) , phos phocreatine, A TP, or lactate (Pulsinelli and Duffy, 1983) . Since only striatum and CAl regions went on to develop severe delayed neuronal injury, we spec ulate that the pervasive early activation of calcium channels during global ischemia does not foretell regions at risk. Rather, it sets into action the met abolic changes that eventually determine the re gional pattern of cell damage. In view of recent ev idence that in this model the proto-oncogenes c-fos and c-jun are induced rapidly but with regional vari ability after ischemia (Onodera et ai., 1989; Wessel et ai., 1991) , selective vulnerability may be defined by the ability of different cell groups to mobilize gene-dependent processes, such as protein synthe sis, that allow them to recover from the ischemic insult. It is noteworthy that recent data obtained from cortical cell cultures suggest that activation of the L-type VSCC may be pivotal in regulation of gene expression (Murphy et ai., 1991) .
A most interesting finding in our study was that 2 h after ischemia increased eH]nimodipine binding and, therefore, activation of VSCCs in all brain structures had declined to normal. This suggests that membrane repolarization had occurred and that the L-type VSCCs were functioning normally. This is most likely an active process. ATP concentra tions at 1 h of recirculation following 30 min of tran sient forebrain ischemia are 70-75% of control val ues (Pulsinelli and Duffy, 1983) , indicating that the energy state, in all regions, returns to near normal values, albeit temporarily. We have also observed, in a reperfusion model of focal ischemia, that rever-sal of increased eH]nimodipine binding is neces sary if that region of brain is to be spared ischemic infarction (Hogan and Hakim, 1992) . Thus, the present study may suggest that a therapeutic win dow of opportunity exists in this model at 2 h of reperfusion and extend for a longer time. Recently, Liu and Buchan (1993) reported that 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo (F) quinoxaline (NBQX), an a-amino-3-hydroxy-5-methyl-4-isoxazolepropi onate (AMPA)-receptor antagonist, given 12 h after 10 min of transient forebrain ischemia significantly reduced cell damage in this model. This information may be relevant for postcardiac arrest patients.
In both striatum and CAl of the hippocampus, regions with a late significant rise in eH]nimodipine binding (p < 0.01), the second peak of eH]nimo dipine binding either coincided with or anticipated neuronal cell damage. The relative distribution of increased eH]nimodipine binding following reper fusion in this study was similar to the reported dis tribution for 45Ca (Dienel, 1984) , suggesting that our binding studies are relevant to intracellular calcium movement. It is possible that with reperfusion fol lowing global ischemia, a delayed wave of cell membrane depolarization occurs in vulnerable re gions, leading to VSCC activation and subsequent cell damage. This is unlikely in view of the return of cerebral blood flow to nonischemic levels with re versal of the carotid occlusions. Alternatively, it is possible that some early cell lysis in the vulnerable regions exposes new binding sites resulting in in creased [3H]nimodipine binding. Intramembranal sites for L-type VSCCs have been reported in vas cular smooth muscle (Leblanc and Hume, 1989 ) and the effective dose of dihydropyridines was 2-10 times higher when added to the internal side com pared to the external side of skeletal muscle cells (Valdivia and Coronado, 1988; Valdivia and Coro nado, 1990) .
Other explanations for the second peak in [3H]ni modipine binding may include cellular organization of brain regions. The striatum is heterogeneous, with small-to-medium-sized striatal neurons being more susceptible to ischemic damage than larger ones (Pulsinelli et aI., 1982; Petito and Pulsinelli, 1984) . Thus, it is possible that, in this structure, early and late activations occur in different cell pop ulations. Microglial invasion is unlikely to play a role in this peak since it increases over days, reach ing a peak 4--6 days after reperfusion. Finally, data reported here are for total binding, and the in creases noted may reflect changes in both specific and nonspecific binding. Our previous investiga tions in focal ischemia (Hogan et aI., 1991a ) and in other model of focal vulnerability (Hogan et aI., J Cereb Blood Flow Metab, Vol. 14, No.3, 1994 1991) showed that nonspecific binding may also change in injured regions; however, the binding in creases we report here in the striatum are too large to be due to nonspecific binding changes alone.
A second peak in eH]nimodipine binding is also observed in the dentate (p < 0.05), in which little histological damage was seen. This observation challenges our hypothesis that late activation of the VSCC, evidenced by a second peak in eH]nimo dipine binding, precedes neuronal cell damage. A number of points can be raised to explain this dis crepancy. Suyama (1992) has shown that CAl and dentate differ in their electrophysiologic responses following transient global ischemia; population ex citatory postsynaptic potentials returned to pre ischemic levels within hours in the dentate but de creased in the CA I region to 25% of preis chemic levels on day 2. This complemented prior work by Chang, Steward, and Kassell (1989) , who showed that recurrent inhibition is increased in the dentate gyrus 2 days after transient ischemia, suggesting that signal transfer through the dentate gyrus is this model is suppressed in the chronic postischemic pe riod and that the special vulnerability of CAl in this model is not due to overexcitation by the dentate. Thus, the increased eH]nimodipine binding mea sured postischemia in the dentate may be due to an active energy-requiring inhibitory process that is, so far, incompletely understood. It is noteworthy that in an in vitro study, the highest levels of bind ing for eH]nitrendipine (a 1,4-dihydropyridine VSCC antagonist) was in the molecular layer of the dentate gyrus (Gould et aI., 1985) . Finally, [3H]ni modipine binding in the dentate gyrus of the control group was the lowest among the five structures ex amined, which may explain why only moderate rises in this parameter postischemia became statis tically significant. No explanation for the low val ues in the control population is evident.
In this work, all eH]nimodipine binding occurred following restoration of cerebral blood flow. Nimo dipine is very lipophilic (Manson et aI., 1990 ) and rapidly crosses the normal blood-brain barrier (Van den Kerckhoff and Drewes, 1985) . It is unlikely that any abnormal properties of the blood-brain barrier would seriously affect our results. Stevens and Yaksh (1990) observed methylene blue staining at 2 h of recirculation in cat brain after 15 min of tran sient global ischemia, suggesting that the changes in binding we report are observable despite possible blood-brain barrier dysfunction. Thus, limitations of eH]nimodipine delivery to brain that may be due to depressed blood flow or altered blood brain bar rier function are not considerations in these results.
In conclusion, eH]nimodipine binding in this transient global ischemia model is biphasic, with an initial increase in binding, indicating the early per vasive cellular depolarization that occurs during ischemia and, in a later phase, identifies those brain regions vulnerable to the development of histologic damage.
